OPINION The genetic basis of diffuse large B-cell lymphoma
INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) represents the most prevalent B-cell non-Hodgkin lymphoma (B-NHL) in adulthood, accounting for 30-40% of diagnoses [1] . Although durable remissions can be achieved in a substantial proportion of cases by using combination immunochemotherapy, outcome is often unpredictable and over 30% of patients do not respond to available therapeutic regimens, underscoring the need for an improved understanding of its biology. It is now clear that one of the obstacles to therapeutic success in DLBCL is the heterogeneous nature of this disease, which can be appreciated at the morphologic, genetic, phenotypic, and clinical level. Indeed, genomewide expression profile (GEP) studies over the past decade revealed that this single diagnostic entity comprises several distinct molecular subgroups, which differ in the expression of specific gene signatures and also in the oncogenic pathways that appear to be involved, often corresponding to discrete prognostic categories [2,3 & ]. Thus, the recognition of genes that are aberrantly regulated by structural alterations provides an important molecular framework for the development of more specific markers for risk stratification and rationally targeted therapeutic approaches.
This review summarizes current knowledge about the molecular pathogenesis of DLBCL, with emphasis on the recent identification of epigenetic remodeling and immune regulatory genes as common targets of genetic alterations in this disease.
MOLECULAR HETEROGENEITY OF DIFFUSE LARGE B-CELL LYMPHOMA
The advent of GEP technologies a decade ago allowed the recognition of multiple molecularly distinct DLBCL subgroups, reflecting the derivation from cells with discrete biological programs during normal B-cell differentiation or the coordinated expression of comprehensive consensus clusters (CCC). On the basis of similarities with their putative cell of origin (COO), DLBCLs have been categorized into at least three subgroups: germinal center B-cell-like (GCB) DLBCL, presumably derived from a germinal center (GC) centroblast expressing high levels of the master regulator BCL6 and harboring highly mutated immunoglobulin genes with ongoing somatic hypermutation (SHM) [2,3 & ]; activated B-cell like (ABC) DLBCL, whose cell of origin is related to a B-cell receptor (BCR)-activated B cell or a plasmablastic B cell in the light zone of the germinal center [4] ; and primary mediastinal large B-cell lymphoma (PMBCL), postulated to arise from a thymic post-GC B cell ( Fig. 1) [3 & ]. Of note, multiple genetic lesions of pathogenetic significance segregate with different DLBCL subtypes, suggesting that these tumors rely on distinct oncogenic pathways [3 & ]. The central roles of the involved pathways during distinct phases of the germinal center response indicate that lymphoma cells exploit the unique properties of their normal counterpart to their own selective advantage. Importantly, stratification of DLBCL patients according to the COO classification was shown to be predictive of different overall survival rates, with ABC-DLBCL representing the less curable subgroup [2] .
The resemblance of distinct DLBCL subtypes to their presumed cell of origin is not the only aspect of
KEY POINTS
Genomic analysis of DLBCL reveals a high degree of complexity compared with other hematologic malignancies, with great variability across individual patients.
Recurrent genetic lesions in histone/chromatin modifiers suggest a critical role for epigenetic remodeling during malignant transformation.
Inactivating mutations and deletions of the acetyltransferases CREBBP and EP300 may promote lymphomagenesis by tipping the balance between the activities of the BCL6 oncoprotein and the p53 tumor suppressor.
The disruption of pathways leading to escape from immunosurveillance represents a major player in lymphomagenesis.
Newly identified lesions may guide the development of improved biomarkers and targeted therapeutic approaches. the disease that can be captured by GEP. A separate classification schema using multiple clustering algorithms identified three discrete subgroups defined by the expression of genes involved in oxidative phosphorylation (OxPhos), BCR/proliferation, and tumor microenvironment/host inflammatory response [5] . Interestingly, BCR-DLBCL cell lines were uniquely sensitive to inhibition of BCR survival signaling, as well as to blockade of BCL6 activity by a specific peptide inhibitor, suggesting that these patients may be amenable to BCL6targeted therapy [6] [7] [8] . Conversely, OxPhos-DLBCLs were found to be susceptible to approaches that inhibit mitochondrial fatty acid oxidation and glutathione synthesis [9 & ]. Although highly reproducible, COO-defined and CCC-defined molecular subtypes do not overlap, underscoring the complexity of this disease and highlighting the need for targeted medicine approaches to treating these patients.
THE GENOME OF DIFFUSE LARGE B-CELL LYMPHOMA
Over the past few years, the rapid expansion of novel sequencing technologies has provided an unprecedented opportunity to examine the cancer genome in a comprehensive and unbiased manner. The integration of whole-transcriptome or whole-exome next-generation sequencing studies and highdensity SNP array analysis, together with functional shRNA screens, allowed significant progress in our understanding of DLBCL pathogenesis. These efforts revealed that the coding genome of DLBCL shows a high degree of complexity compared with other Bcell malignancies, harboring on average between 30 and more than 100 lesions/case, with great variability across patients ], likely represent an underestimate of the DLBCL mutation load, as the sequencing methods used do not interrogate noncoding portions of the genome; as such, these studies are not informative about the activity of aberrant SHM, a mechanism of genetic damage that is due to an aberrant function of the physiologic IgV-associated SHM mechanism, and results in the accumulation of multiple mutations in the 5' sequences of genes that are normally unaffected in GC B cells [14] . Indeed, a targeted approach integrating bioinformatics tools with the sequencing of gene regulatory regions marked by H3K4me3 uncovered increased numbers of mutation hotspots within genes that had not previously been reported as mutated [15 & ]. Nextgeneration sequencing studies also confirmed that mutations of TP53 are relatively less common in DLBCL than in other epithelial malignancies [10 & ,11 && ,12 & ]; however, a combined analysis of copy number data and transcriptional profiles revealed a complementary set of alterations that may lead to decreased p53 levels and activity and cell cycle deregulation [16] . Although for some of the identified candidates, a detailed functional characterization is still missing, these studies provided a significant gain in our knowledge of DLBCL biology, leading to the discovery of potential targets for therapy. Complementing the genetic findings, shRNA screens identified addiction of the tumor cells to several oncogenically active circuits -for example, nuclear factor kappa B (NF-kB) and BCR -that are currently being tested as actionable targets [3 & ].
GENOMIC LESIONS DISRUPT KEY CELLULAR PATHWAYS IN DIFFUSE LARGE B-CELL LYMPHOMA
The molecular heterogeneity of DLBCL is reflected in the broad catalogue of structural aberrations that are associated with its pathogenesis. These include abnormalities that are common to various phenotypic subtypes, and lesions that appear to be preferentially or even exclusively associated with individual COO-defined DLBCL categories, pointing to their reliance upon distinct oncogenic pathways. The following paragraphs will focus on recently identified targets of genetic lesion in DLBCL, as emerged from genomic analyses. Other recurrent and historically well characterized structural alterations have been extensively reviewed, and will, thus, be mentioned only briefly.
Alterations in epigenetic modifiers
One of the most relevant findings from recent DLBCL genome studies is the high frequency of lesions affecting histone/chromatin modification enzymes, most commonly represented by acetyltransferases and methyltransferases.
Acetyltransferases
Mutations and/or deletions inactivating CREB binding protein (CREBBP) and, less frequently, EP300 are detectable in up to 35% of DLBCL (with some preference for the GCB-subtype) and 40% of follicular lymphoma [11
]. These ubiquitously expressed nuclear phosphoproteins modify lysine residues on both histone and nonhistone nuclear proteins, serving as transcriptional coactivators for a large number of DNA-binding transcription factors [17] . Consistently, CREBBP and EP300 enhance transcription through various mechanisms, including targeted acetylation of chromatin [18, 19] , acetylation of transcriptional activators (e.g., the tumor suppressor p53) [20] [21] [22] and acetylation-mediated inactivation of transcriptional repressors (e.g. BCL6) [23] .
CREBBP mutations lead to truncations of the Cterminal histone acetyltransferase (HAT) domain or to amino acid changes that impair its ability to acetylate known substrates such as BCL6 and p53, leading to constitutive activation of the oncoprotein and to decreased p53 tumor suppressor function ( Fig. 2) 
]. As the balance between the activities of these two genes is critical for the regulation of DNA damage responses during immunoglobulin genes remodeling in the germinal center [25] , one consequence of BCL6 activity overriding p53 would be an increased tolerance for DNA damage in the context of impaired apoptotic and cellcycle arrest responses ( Fig. 2 ). However, the general involvement of HATs in gene transcriptional regulation suggests that the consequences of CREBBP/ EP300 alterations are much broader, warranting additional studies aimed at dissecting the entire set of cellular targets that are critically affected by HAT dose reduction in lymphoma. With few exceptions, alterations of CREBBP and EP300 are observed in heterozygosis, and coexist with the expression of the residual wild-type allele, suggesting a haploinsufficient tumor suppressor role [24 && ]. Indeed, the dose-dependent pathogenic effect of these two genes is demonstrated by the causative role of CREBBP and EP300 haploinsufficiency in a rare congenital disorder known as Rubinstein-Taybi syndrome [26] . The identification of mutations in CREBBP and EP300 may have direct therapeutic implications in view of current attempts to use histone deacetylase inhibitors (HDACs) as anticancer drugs. Interestingly, p300 and its cofactor human leukocyte antigen (HLA)-B-associated transcript 3 are both direct targets of BCL6-mediated transcriptional repression, and could be reinduced in DLBCL cell lines by a retroinverso BCL6 inhibitory peptide (RI-BPI), resulting in acetylation of its critical targets p53 and Hsp90 [27] . Consistently, combination of RI-BPI with either an HDAC inhibitor or an Hsp90 inhibitor suppressed or even eradicated human DLBCL xenografts in mice [27] .
Histone methyltransferases
Among the newly identified candidates, MLL2 (mixed-lineage leukemia 2, previously termed MLL4) emerged as the single most common target of mutations in B-NHL, accounting for over 30% of DLBCL and 89% of follicular lymphoma [11 gene transcription by modifying the lysine-4 position of histone 3 (H3K4) [28 & ]. H3K4 trimethylation represents an evolutionarily conserved mark of transcriptionally active chromatin and is closely associated with promoters and early transcribed regions of active genes, where it counteracts the repressive chromatin environment imposed by H3K9 and H3K27 methylation [28 & ]. More recently, the Drosophila homolog of the mammalian MLL2/3 complex -thritorax related (trr) -was shown to function as a major H3K4 monomethyltransferase on enhancers, suggesting a critical function in regulating the transition from inactive/poised to active enhancers [29 && ]. DLBCL-associated MLL2 mutations generate truncated proteins that lack the catalytic Su(var)3-9/enhancer of zeste/trithorax (SET) domain required for its methyltransferase activity, implicating a tumor suppressor role. In support of this hypothesis, Drosophila trr mutant cells display a significant growth advantage over their wild-type neighbors as the result of changes in the expression of multiple proteins regulating cell division and growth [30 & ]. Of note, the MLL2 paralogue MLL3 was also found mutated or deleted in approximately 15% of DLBCLs [12 & ,31], pointing to a selective role for this complex during transformation.
The polycomb-group oncogene EZH2 encodes for a histone methyltransferase that represses gene expression by trimethylating H3K27. In approximately 22% of GCB-DLBCL patients, gain-of-function mutations result in the replacement of a single evolutionary conserved tyrosine residue (Tyr641) within the EZH2 SET domain [32] , leading to increased H3K27me3 levels through altered substrate specificity in vitro [33, 34] ]. The observation that the fraction of cases lacking surface B2M and HLA-I expression is much higher than that predicted by genetic alterations suggests that additional epigenetic mechanisms are involved. Focal homozygous deletions and truncating mutations were also frequently detected in the CD58 locus (20% of cases) [38 & ]. CD58 is a member of the immunoglobulin superfamily and functions as ligand of the CD2 protein on T lymphocytes and natural killer (NK) cells, participating in their activation [39] . The concurrent absence of B2M/HLA-I and CD58, observed in approximately 60% of DLBCLs, strongly suggests that these alterations are coselected during lymphomagenesis for their complementary roles in protecting from both CTL-mediated and NK cell-mediated lysis.
Pathways leading to immune escape
Other lesions affecting regulators of immune responses include genomic breakpoints and mutations of the MHC class II transactivator gene CIITA, as well as amplifications of the genes encoding for the immunomodulatory proteins PD-L1 and PD-L2, all of which are preferentially observed in PMBCL [40] [41] [42] . By downregulating surface HLA class II expression, rearrangements of CIITA may reduce tumor cell immunogenicity, whereas amplifications of the PD-L1 locus have been linked to impaired antitumor immune responses in several cancers.
The ability of the above lesions to interfere with the interaction between tumor cells and the microenvironment suggests that escape from immunosurveillance mechanisms plays a central role in DLBCL.
Genetic lesions leading to constitutive NF-kB activity and chronic active B-cell receptor signaling
The critical role of NF-kB in the pathogenesis of ABC-DLBCL was first revealed by the observation that the gene expression signature of these tumors is significantly enriched in NF-kB target genes, and that NF-kB activity is required for their proliferation and survival [43] . Following on this lead, a number of studies have provided direct genetic evidence for the presence of structural alterations that affect a variety of pathways whose common denominator is the ability to induce constitutive activation of NF-kB, including those triggered by the BCR, Toll-like receptor (TLR)/interleukin-1 receptor (IL-1R) and CD40 receptor (Fig. 3) .
CD79A/B mutations
Tonic BCR signaling is required for the maintenance of all B cells [44] ; however, ABC-DLBCL depends on a chronically active form of BCR signaling, which is sustained in more than 20% of cases by hotspot mutations in the cytoplasmic immunoreceptor tyrosine-based activation motifs of the immunoglobulin superfamily members CD79B and CD79A [45] . Importantly, knockdown of several BCR proximal and distal subunits was specifically toxic to ABC-DLBCL, offering the rationale for the development of targeted therapies aimed at inhibiting BCR signaling in this lymphoma subtype [45] . Indeed, use of the BTK inhibitor ibrutinib is proving significantly effective in ABC-DLBCL patients carrying CD79A/B mutations, and synergized with lenalidomide to block IRF4 in most ABC-DLBCL cell lines [46 & ]. Likewise, a small molecule inhibitor of MALT1 displayed selective activity against ABC-DLBCL cell lines both in vitro and in xenotransplanted tumors [47 & ].
Oncogenic MYD88 mutations
Approximately 30% of ABC-DLBCL patients display a recurrent amino acid change (L265P) in the intracellular Toll/IL-1 receptor domain of this adaptor molecule, which has the potential to activate NF-kB as well as JAK/STAT3 transcriptional responses [3 & ,48] . Although the relationship between MYD88 mutations and TLR signaling has not been studied, the requirement of MYD88 for the survival of ABC-DLBCLs implicates a pathogenic role for TLR in this subtype.
Alterations in negative and positive regulators of NF-kB
In up to 30% of ABC-DLBCL cases (and a smaller fraction of GCB-DLBCL), disruptive mutations and/ or focal deletions biallelically inactivate the gene encoding for TNFAIP3/A20 [49, 50] , a dual function ubiquitin modification enzyme involved in the termination of NF-kB, TLR and BCR responses, the latter through its ability to interact with MALT1. Loss of A20 could, thus, promote lymphomagenesis at least in part by inducing inappropriately prolonged NF-kB signaling [49, 50] . Another approximately 9% of ABC-DLBCLs harbor oncogenically active mutations of CARD11, a major component of the 'signalosome' complex, which is required for proper transduction of BCR signaling to NF-kB [51] . These events cluster within the protein coiled-coil domain, and augmented its ability to mediate NF-kB activity in a variety of assays [51] .
In conclusion, distinct signaling pathways are disrupted by genetic lesions in most ABC-DLBCLs. Although a common outcome of these lesions is the activation of NF-kB responses, the same signals can trigger a number of other downstream signaling cascades, including PI3K, ERK/MAP kinase and NF-AT ( Fig. 3) . Thus, future studies will have to address the relative or coordinate contribution of these lesions to DLBCL development.
Deregulation of BCL6 activity
BCL6 is a transcriptional repressor that binds to specific sequences in the promoter of its target genes and modulates their expression via interaction with distinct corepressor complexes [52] . BCL6 controls the biological program of GC B cells by suppressing a broad set of genes involved in multiple signaling pathways, including BCR and CD40 signaling, T-cell mediated B-cell activation, the sensing and response to DNA damage (via direct repression of TP53 and ATR), the induction of apoptosis (via repression of BCL2), and the differentiation to plasma cells (via suppression of PRDM1/BLIMP1) [52] . These activities sustain the proliferative status of GC B cells while allowing them to tolerate the DNA breaks that are associated with SHM and class switch recombination, without eliciting DNA damage responses. Moreover, BCL6 prevents the premature B-cell activation and exit from the germinal center prior to the selection for the survival of clones producing high affinity antibodies [52] . Chromosomal rearrangements of the BCL6 locus are present in approximately 35% of DLBCL patients, with higher frequencies in the ABC-DLBCL subtype [3 & ,52] . These recombination events juxtapose the intact coding domain of BCL6 downstream to heterologous sequences derived from over 20 alternative chromosomal partners. Because of the broader window of activity of these alternative promoters throughout B-cell development, BCL6 translocations prevent the downregulation of BCL6 expression that is normally associated with differentiation into post-GC B cells [4, 52] .
In addition to translocations, the BCL6 5' sequences are targeted by hypermutation in up to 75% of DLBCLs [53, 54] . This phenomenon largely reflects the activity of the physiologic SHM mechanism operating in GC B cells [54, 55] . However, a subset of mutations found specifically in lymphoma affect two BCL6 binding sites located within the first noncoding exon of the gene, and deregulate its expression by disrupting a negative autoregulatory circuit by which the BCL6 protein controls its own transcription [56, 57] . Less frequently, mutations prevent the IRF4-mediated BCL6 repression induced upon CD40:CD40L interaction in the germinal center light zone (Fig. 3) [52] .
A separate set of genetic lesions deregulate BCL6 activity by interfering with posttranscriptional regulatory mechanisms: this is the case of CREBBP/EP300 mutations, which impair acetylation-mediated inactivation of BCL6 (see above) [24 && ], and FBXO11 mutations (5% of cases), which inactivate this ubiquitin ligase involved in the control of BCL6 proteasomal degradation via the SKP1-CUL1-SCF complex [58 & ]. Finally, 10-18% of patients, mostly of the GCB-subtype, harbor gain-of-function mutations in MEF2B [10 & ,11 && ,12 & ], a transcription factor expressed specifically in the germinal center and recently shown to act as a positive regulator of BCL6 transcription [59] .
The critical role of BCL6 in initiating lymphomagenesis has been confirmed in a mouse model in which deregulated BCL6 expression promotes the development of human-like DLBCL [60] . As such, BCL6 represents an attractive target for therapeutic intervention; indeed, BCL6 inhibitory molecules have shown potent antilymphoma activity and strong synergism in DLBCL-directed combinatorial therapies [6, 27, 61] .
Disruption of the terminal differentiation pathway
In GC B cells undergoing terminal differentiation, BCL6 must be downregulated in order to relieve the expression of its target gene and plasma cell master regulator PRDM1/BLIMP1 [62] . This regulatory axis is disrupted in the majority of ABC-DLBCLs due to mutually exclusive genetic lesions that inactivate BLIMP1 directly, by disruptive mutations and deletions (25% of cases), or indirectly, through its constitutive repression by deregulated BCL6 (25% of cases) ( Fig. 3) [63, 64] . BCL6 translocations and PRDM1 inactivation may, thus, represent alternative oncogenic mechanisms converging on the same pathway to promote lymphomagenesis by blocking terminal differentiation. Consistent with this, conditional deletion of Blimp1 in the germinal center leads to lymphoproliferative diseases akin to the human ABC-DLBCL [63] .
CONCLUSION
Over the past few years, significant efforts have been focusing on the identification of molecular signatures and genetic alterations that might help in stratifying DLBCL patients with different prognosis and response to therapy. Targeted resequencing and genomic profiling have led to the discovery of important new genetic lesions, revealing the involvement of several previously unrecognized genes and pathways that may play critical roles in DLBCL pathogenesis. Some of these (e.g. NF-kB, BCR and BCL6) are already being exploited as potential targets for clinical application, whereas others are emerging as highly promising candidates (e.g., EZH2). Although it is likely that a broader picture of the DLBCL genome will become available soon, major efforts will be needed in the future to characterize the functional significance of the identified lesions, and their specific contribution to lymphoma development. These findings are expected to have major implications for the development of new diagnostic tests, and to inspire the design of rational treatment approaches that could improve the survival of lymphoma patients with minimal toxicity. The first analysis of the DLBCL coding genome using whole-exome/whole-transcriptome sequencing technologies; this study also revealed MLL2 as the most common target of somatic mutations in DLBCL (40% of cases) and follicular lymphoma (89% of cases). 
